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USE OF NMIRROR-LENS OBJECTIVES IN
PHOTOGRAPHING ARTIFICIAL EARTH SATELLITES

@bllowing is the translation of an article by
H.V.Yakovlev entitled "K voprosu o primenenii

zerkal'no-1inzovykh ob®yektivov dlyva fotogra-

firovaniya iskusstvennykh sputnikov zewli (ISZ)®
(Ecpglish version above) in Astronomicheskiy Zhur-

nal (A@tronamical Journal) vol.37, To.3, pages

550-55% )

ABSTRACT

Date on the dimensions and main optical character-
istles of a high-speed mirror-lens objective are

given., The objective permits ﬁhe photographing of
artificisl earth satellites of the sixth magnitude

on film with a semsitivity of about 500 Tux™tsec~t,

The photographic observation of artificial earth
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speed and resolution.

tellltes requires optical systems possessing a high
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The basic demands made on guch optlical systenms

werg enunsrated dn the soviet™? and farsigm3 litersm ’

tiure.
The optical system must have a relastive aperture
e the order of 1 1 1 for a foecel length of about 300~

2 L& A * - O E g .
500 mn, & field of visicn sngle not less than 12°%-15°, |
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Lok dmage guality not only at the center of the

field of visicn but elso at its edges. CF 81l

'

speed oblectlives for the sbove foeal lengihs nmirror-len 33

j
TET . Mirrorelens
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objectives hove the highsst

objectives consist of a concava spherical mirror and

tloptric compensstors located in front of the mirvor

.r",';

in the paraliel bean.
The following compensators which have Townd appli-
eation in bigh~speed mirrore-lens objectives should be

menbtloned:
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an achrowatic meniscus with a retoushed Front |
or pack surfaces
ng plate mounted at the cenw
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ter of curvabture of the mirror, !

e
{2
Ry
”
A
o
ol
o
=
e
£
fayg
)
e
i
[
o
fmtn
A
i3]

The sinple

-2

Ui

* high=speed mirror-lens objectives,

which consist of 2 concave spherical mirror and of the

above compensators, when corvected for the aberration
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of axial poimts can obviocusly not be corrected for the

aberration of a broad obligue hesm for focal distances

on the order of 500 mm and field of v;sion engles of

about 15°.

To dmprove the o anty of the image in the whnlg

oo

A typlenl example of such a complex construetion

field, simpler objectives have to be made more campxexﬁ

of zn optical system dntended for photographing artifi-]

¢ial earth satellitas is the systenm worked out by
"I@Betker.3

Figure 1 illustrates the principle of this
objective. The objective consists of three lenses ful-
filling the parts of & compensator and of a concave

gpherical mirror.
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1-papherical surface
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The central lens is located at the center of
curvature of the mirror, the other twe are placed syp-
metrically about the central lens.

A1l inner compensator surfaces are

ﬁﬁ

iﬂdl ]

the second and the fiféh and slso the third and the

Compared with the classical Schmidt system, this
system has & larger residual chromatism.

To correst this chromatism and to decresse the
secondary epectrum, the compensastor leuses are made of
mncomnon types of glasss the central lens is made of
Sehott K=14, and the outer lenses are made of Schott
K278~2., The focal length of the objective is 500 wmm;
the diameter of the spherical mirror is about 790 mmj
the focal surface 1s spHerical with a radius of curvae
tare of approximately 508 . |

The residual aberrations are smalls, According to
the suthor, ebout 80% of the rays from the ultraviolet
portion of the spectrun up to the depp red porition of
the spectrun are focused in a 2@%}& cirele of confusion
for ell points in s 30° field.

It is known that the construction of a very pre-

.

¢ise optical systenm wiﬁh large diameters and sspherlecal
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surfaces is an extremely'difficult and painstaking task
{reférende Ly, : o
Tu this connection, the construetion of a high¥v
epeed highuquality optical system emploving only spheé
ricel surfszces coul& speed up ﬁhe construction of photo-
graphlic cameras needed for photograprhing artificial s

earth satellites. ;

Delow we describe a high-speed nirror-lens objecw

[0

tive™ whose optical charecteristics ve belicve corvese

poad to the essential requirements.

l
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The optical disgram of the objective is shown in |

. !

1

FigeZ, i
’ I
The objective consists of a spherical concave |

mirror and of two dioptric components of negative power,.

T end 3, placed in frent and behind (with respect to the,
? i a

path of the light) the spherical mirror. A1l refracting

surfaces of the system are spherical.The dioptric compo!

nent 1 is loczted in front of the spherical mirror |

4

between its center of curvature snd its vertex in 21

Pa

Tohuthor's certificate Fo.121262 for a claim of Decenie
2eduthor's certificate No.122625 for a claim of July

2, 1958,
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parallel besm snd conszists of two lenses located side
by side. The lenses are made of various types of glass:

crow: ang {Lint. The dioptric compenent 3 located

ta

hehind the mircor (wi

[

th respect to the path of the
1ight) i also placed between the center of curvature

af the mirror snd its vertex and consgists of two adjs-

PR - » gy o oy PO "l
z. Thege lenses arce also made of arown and

« The focsl lengths of each component are

p N o e 2 . w - PR R, o A A
ve. The objechtive persils s very good correcbion of the

chronatism of position ar the megnillcation of the
spherical sherrabion, of comw, snd astigmatism,
The possibiiity of & very good correction of the
of & brosd obiiogue beem (sphericsal aberration

and comal maet be noted. The curv ture of the field is

not corracted.

sngle of the fieid of vision was 159, which corresponds

e g ey e 2 Fo o ]
1 oan avprovimete dilamster of 78

mm. The lest sectlon of the objective was 31 mm,

The radius of curvatore of the spherical focs

surface wss +230 mn (sphere of comparison). The obj cﬁﬁva

s e sy v
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‘was corrected for the D line snd achromatized for the
" oand C 1ines. :

The
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following residmal aber e
tions®:
1. The transverse spherical aberration for axial
points {(eirele of confusion) did not exceed 10?““
2+ The coums for field no#ni; 26 mm frowm the
image center (the region Ci the field of vision) diﬁ %
not exceed 5}@, éﬁd for field points 39 mm.dz stant
C{field edze) 1t 414 not exceed 12 pi o
2. The diameter of the circle of confusion fGT t

the sbove region of the field of vision did not exceed

+. For the edge of the field of vision the circle

L

off eenfusion had in the weridlional plane an elongation

of aboud 50}& and in the sagittal plene an elongation

e

of about 5?}&3 ebout C0O% of the rays of an cblique D

beam weve focused In a "H‘ circle of n@nfu Lom.

5. The astignatism of the edge of the field of
vigion 6id not exceed i?}&@
. m%e mesn curvature of the inage for the edge

of the field of vision with respect to the Gaussisn

¥ fhe aberraticns are given reiative to the sphere of

conparison.
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plane was 3.285 mm, and with respect %o the sphere of
comparison it was 0,086 num.

7. With regerd to chromatism we polnt out that
for the edge of the field of vigion the rays Qf‘a brosd
meridicnal beam from the F fo the € line are focused in
a'ﬁﬁmgz section.

8. For axlsl points sbout 8C% of 211 rays from
% to ¢ were focused in a clrele of confusion the diame-
ter of which did not excsed hd;ka

9, The maximum wave aberration for the D line

g

{ 2= 0,“8}3% } did not ékﬁPQQ in sbsolute magnitude
U.07% w . Below we have listed the valuss of the TQQiﬁdm

al wave aberratlons {hy) in microns end in fractlions
of the wavelength (ny.% } for axial peints for va-
ricus  sperture regions. The notsatlon for the wave
sherration 18 in sccordance with reference Y. The cal-

culations were carried out sccording to formula (5).

. 9 0
By, Ma by hys * ; hy. © gy 2

6.00 | 0.00000] 0.0000  0.00000  0.6000

92,5 |--£.01474 |—0.0248 [-~0.04443) —0.0749
101.5 0.05845 | 0.0992 1--0.00023 —0.0004
|
f

124.7 | 0.45268| 0.2500 | 0.08254!  0.1061
145.0 | 06.05140| 0.0867 |—0.07280! ~-0.1235

e e e g S A T
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The wave aberra%ioﬁs hy and h*:%.]jsted in the
tifié are caleulated under the ndit on that thes
center. of the sphere of com zriﬂcn5coineide5 with the
paraxial ?0 us of the obhjective. I the center of the

sphere of comparison is dis pjanea from this positicn

selcng the optical sxis by 0.C001 mm with respect to the

path of the light, we obtain new values of the wave

- i
abarrations denoted inm the Table by h_ and nv:% . ;
. J o i
As can be seen from the Table, in the new plane
O , C
of setting hy; %}w,? does not exceed ong eighth of & |
mex .

wavelengih.
To eompare the above objective with others it
Iz sufficient uu gsay that in high-gpeed objectives

Lip'?c ad in pracilce the wave 81}‘31‘1"#&%10}33 Of‘t'ﬁ‘li excead
j
<

8 wavelengt
. . ' o

The vell-known objectives of the ®Industar" type |

i
with foeal lengths on the order of 200 mm and 3 relafive

aperture of 1 ¢ h.5 have a wave sberration of 2 « 3

wevelengthe in ths plane of the bhest setting.

In swwming vp the sberrstion characteristics of

the objective 1t must be pointed out that the meniscus
systen of D.D. Maksutov vhich has found wide employment

in astronowmy cannot be completely corrected for a 1 ¢ 1

relative aperture of the ¢hiective, a foecal length of

R 9 Aesnstiste
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the distribution of the intehsity of illumination on

the order of 300 mm, and a field cof vision angle of 159
with5utAthe use of aspherical smrfaces.7

| For the caleulabion of the objective opiical
glasé of Soviet make’was employed (GOST 351k - 57).

In the objective whose residual aberretions have

bzen listed above the following makes of glass were used

for the lenses of the first diopitric component: BK1O

for the first lems (with respect to the path of Light),

ané TFZ for the second lensy for the lenses of the se~
cond dlopiric component P4 and TK21 glass was used.

It

“

hould be noted that the optical characterige

. — !
tics of the described cohjiective can be duplicated emploe:

ying in the first and second dioptric components various

i

glass cowbinations, that is there exists a certain free-

don in the choice of the glass with the desired physico-,

¥

chemical characteristic

n

&

We should in particulsr dwell on the guestion of

the Tocal surface ("the photometryric error in the field").
It is known that in optical systems even in the

absence of vignetting of oblicus rays by the lens moun-

ting and with specially ploced blinds the illuminztion

of the foeal surface at the center of the surface ig

onrctsner 10 o———
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from the expression ‘
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more intense then at ite edges, and this difference Iine
cragses with the angle of the field of vision,
1 the oﬁject 1 a uniformiy bright plane perpen-|
I
diculsr to the optical axls, then in the first approxi-
mation (in the absence of aberration in the pupils) it

can be assumed thaet in cbjectives with a2 plene focal

surface the i11lominztion of the image of a point is pro-

porticnal to the fourth power of the cosine of the
angle of the field of vision. The speclal feature of i
the objective which we have considered consists in that
it hes sn anmalar exit pupll and the image is located
on & sphere of 230 mn radlius.

The ratio of the illumination at any point in
the field of vision (E') and the $1itumination at the

center of the field of vision (Eé) can be calculated

reh @=pn | LY
g rdr S cos i, cos (L, }d?
re=g

L
L' G=0
Tl - N D . 2 7 'Y
E, « (8in® u, — sin® u,)

where a and b a&re the inner and ocuter radil of the ring.
The remaining notation is the same a8 in the book by
A‘I.Tudoravskiyﬁg

Wuamerical integration, the technical details of

which are omitted, yieided the following results:
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' 1) Tor the reglon of the £fleld of vision within (
! rading of
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St Tov the rezion of the “auﬁo of vislon reduces Ho

about 0.97y Tor the edge of the fleld it reduces to

0.951. - |

We will estimate the efficiency of the deseribéed |

teleacops., In recording a

point uhéoc (an artificial earth satellite)

ing relations
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ek widith dn miilimeters, d4 1s the diame-

the clirele of confusion of the imare of a point, |

dr 1z The diameter of the cirele of confusion of the %
gmulsion, 1 is the foecal length, w 18 the angulsr velow

the objesd In minutes of are per second,
-
lond— "

t
where 1 is the lenzth of the trace (track) corresvondine

A%D

end T is the time lag of the shutbter, where




in mm. For an objective free of aberrations d = dz
= 30?A$ that is it is equzal to the dlameter of the i

- © Ao df 4 “ .

S = gEyaT b | () |
where 8 is the sensitivity of the emulsion in 1ux"1$@e”2
E is the illuminztion due to the moving object at the
first surfece of the cohjective in lux, ¥ 1is the trans-
miszion coeflficient of the systenm teking inte account

the logses due Yo refiection, absorption,; and secreening,

t

!

D is the dismeter of the entrance pupll of the objective

cirele of confusion of a highly sensitive emulsion.

We will approvimately determine the limiting

stellar nmegnitude of the satellite which leaves a track

on the emulslon. ;
b

sssume in place of the setellite a speculariy:

Ye

3

reflecting sphere with a diameter of 50 cm, whose photo-
visusl stellar magnitude, distance from the observer,
and angular veloclity are given in the artiele of

3

1
i
1
H
;
i
{I
H
t
G.Henlze,

Por a setellite of stellar magnitude 5.7, w =83
see”1, the illumination at the surface of the earth (wit}
account of the atmoepheric effect) ls approximately 10.55

r‘“"c) "
x 10 LUX.

i

The minimm width of the track is preliminarily
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determined by the well known method of reference 4, For !

& Panchrome type phmbogra?hic layer and the center of
the field of vision & = 30 to %ﬁia, for the type of
objective which we are considering

D= 300 mm, £ = 300 mm, and T = 0.7

A calenlation using formulas (1), (2), and (3)

&

yields approximately

, B -4 -1
t = 1/250 gsec, 1 = 7.5'7 mn, § = LhO lux  sec

For a satellite of stellar magnitude 7.2, B = 2,6k

-

-} :
x 10 7 Jux, t = b2 sec ', the caleulation ylelds

. . u1 -~
t = 1/122 sec, 1 = 3,687 mm, 8 = 640 lux  sec

Thus the use of highly sensitive film with a sen~

sitivity of asbout 500 could wake 1t possible to photo~
graph with the above objective satellites of the sixth
magnitode, |

In conelusion, the author considers it his plea-
sant duty to express his gratitude to M.A. Shesminteev

for his interest in and attention to this work.

Yoscow Engineering Institute Submitted to the

of Geodegy, Aerial Photography, editor on Sept.7, 1959
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